Biofilms are a collective mode of bacterial life in which a selfproduced matrix confines cells in close proximity to each other. Biofilms confer many advantages, including protection from chemicals (including antibiotics), entrapment of useful extracellular enzymes and nutrients, as well as opportunities for efficient recycling of molecules from dead cells. Biofilm matrices are aqueous gel-like structures composed of polysaccharides, proteins, and DNA stabilized by intermolecular interactions that may include non-polar connections. Recently, polysaccharides extracted from biofilms produced by species of the Burkholderia cepacia complex were shown to possess clusters of rhamnose, a 6-deoxy sugar with non-polar characteristics. Molecular dynamics simulations are well suited to characterizing the structure and dynamics of polysaccharides, but only relatively few such studies exist of their interaction with non-polar molecules. Here we report an investigation into the hydrophobic properties of the exopolysaccharide produced by Burkholderia multivorans strain C1576. Fluorescence experiments with two hydrophobic fluorescent probes established that this polysaccharide complexes hydrophobic species, and NMR experiments confirmed these interactions. Molecular simulations to model the hydrodynamics of the polysaccharide and the interaction with guest species revealed a very flexible, amphiphilic carbohydrate chain that has frequent dynamic interactions with apolar molecules; both hexane and a long-chain fatty acid belonging to the quorum-sensing system of B. multivorans were tested. A possible role of the non-polar domains of the exopolysaccharide in facilitating the diffusion of aliphatic species toward specific targets within the biofilm aqueous matrix is proposed.
of the 2-linked rhamnose residues (Fig. 1a ). The nature of this substitution, random or regularly occurring, has not been defined.
This exopolysaccharide, hereafter referred to as EpolC1576, attracted our attention because of the presence of non-polar chemical moieties: 6-deoxy sugars (rhamnoses) have a lower polarity because of replacement of the conventional C6 hydroxyl methyl with a methyl group. In addition, partial-Omethyl substitution on the Rha C-3 position produces a polysaccharide chain with a relative lack of hydroxyl groups, which is thus potentially less hydrophilic than is the norm for saccharides. Although the importance of hydrophobic interactions for carbohydrate-protein binding has been recognized for some time (10) , carbohydrates, with their multitude of pendant hydroxyls, are usually considered to be hydrophilic, with only a few cases reported of saccharides forming hydrophobic complexes. The best known system is that of the cyclodextrin ring, where the all-equatorial arrangement of the glucose hydroxyl groups, together with the ␣-(134) glycosidic linkages, creates a carbohydrate annular ribbon with hydrophilic -OH groups protruding from the ribbon edges and non-polar -CH groups populating the ribbon plane. This geometry results in the well known ability of cyclodextrins to complex aromatic and aliphatic molecules into their cavity (11) . Among the numerous investigations of the interaction of cyclodextrins with hydrophobic species, one of the authors (R. R.) investigated their inclusion properties with two aromatic probes (12) that are usually used to identify hydrophobic sites in proteins (13, 14) : 2-(p-toluidinyl)-naphthalene-6-sulfonate (TNS) and 1-anilinonaphthalene-8-sulfonate (ANS). The structures of these probes are shown in Fig. 1b .
Recently, two investigations focused on the carbohydratelipid interactions in rhamnose-containing polysaccharides, native or synthetic O-methylated (15, 16) . However, apart from these examples, the possible interaction of oligo-and polysaccharides with non-polar molecules is still a poorly investigated issue. We speculate that the presence of hydrophobic domains in biofilm Epols may promote association between macromolecules, either polysaccharide-polysaccharide or protein-polysaccharide, thus increasing the biofilm stability in aqueous environments. In addition, hydrophobic regions may favor interactions with non-polar low-molecular-mass species with specific biological activity, thus conferring to Epols, as well as to their producing organisms, the ability to modulate the activity of these components in an aqueous environment. Bacteria have evolved a cell-cell communication mechanism, known as quorum sensing, to coordinate the expression of genes useful for bacterial life, including biofilm formation and disruption (17) . Interestingly, quorum-sensing signaling molecules composed of fatty acid chains have been described for B. multivorans (18) , the species investigated in this study. Such signaling species are also important factors in the regulation of virulence and biofilm formation in a wide range of bacterial pathogens (19) . As complexation of the polymer hydrophobic domains with signaling molecules has the potential to modulate their activity according to the stage of the bacterial life cycle, the possible interaction of such amphiphilic signaling molecules with the EpolC1576 saccharide is of great interest.
The gelling structure of the biofilm matrices, and their structural complexity, prohibits a full experimental structural definition of the biofilm matrix scaffolds. However, molecular simulation methods provide a basis for both interpreting sparse experimental data and for independently predicting conformational and dynamic properties of carbohydrates. In particular, molecular dynamics (MD) simulations are especially well suited to the characterization of the structure and dynamics of glycans and glycoconjugates (10) . Indeed, MD simulations are increasingly used for conformational prediction of bacterial polysaccharide structures (20, 21) . MD has been used to probe the interaction modes of oligosaccharides with molecules such as proteins (22, 23) , but, to date, there have been few MD studies targeted at other molecular classes, such as lipids or hydrocarbons.
Here we report an investigation into the hydrophobic properties of EpolC1576. Our goal was first to confirm that EpolC1576 does complex hydrophobic species. We established this by demonstrating interaction of EpolC1576 with two hydrophobic fluorescent probes (the N-arylaminonapthalenesulfonate dyes ANS and TNS) using both fluorescence and NMR spectroscopy. Next we employed molecular simulations to model the hydrodynamics of EpolC1576 and the mode of hydrophobic interaction with guest species, especially the role of the EpolC1576 methyl-substituted rhamnose residues in creating non-polar domains suitable to establish and maintain hydrophobic interactions. As the Epol has no clear binding site, the interaction of a flexible Epol chain with a guest molecule is not a typical molecular docking problem; the location and the mode of interaction are unknown. We therefore used MD simulations to investigate the interaction of EpolC1576 with two hydrophobic species in water: simple aliphatic chains (non-polar hexane) and a more complex fatty acid signaling species found in B. multivorans cultures: cis-11-methyl-2dodecenoic acid (11-Me-C12:⌬ 2 , Fig. 1c ) which has a hydrophobic aliphatic chain and a polar head group (18, 24) . These studies enable us to make predictions of the conformation, dynamics, and modes of interaction of EpolC1576 with such hydrophobic species. 
Results

Interaction of fluorescent dyes with EpolC1576
The fluorescence behavior of the aromatic TNS dye in the presence of EpolC1576 and dextran is shown in Fig. 2 , a and b. As demonstrated for cyclodextrins, the complexation of TNS in a hydrophobic pocket produces an increase in fluorescence emission intensity because of the limited number of collisions with quencher solvent molecules. From spectroscopic data, it is clear that the fluorescence intensity of TNS alone in water and in the presence of dextran is practically identical. However, when corrected for the TNS self-absorption, the presence of EpolC1576 promotes a marked increase in fluorescence intensity ( Fig. 2a ). An almost identical behavior is observed for ANS in the presence of EpolC1576 and dextran (Fig. 2, c and d) .
Besides the increase in fluorescence intensity, the addition of ANS to EpolC1576 also produces a blue shift, from 510 to 450 nm, further indicating ANS complexation by the polysaccharide. In fact, as observed for tryptophan in proteins (25) , fluorescent chromophores may change their emission maximum as a function of the polarity of the environment they experience. We speculate that the ANS-EpolC1576 interaction favors solution conformations of the polysaccharide that define a suitable binding site that decreases the solvent (water) interaction with the aromatic moiety. The slightly different behavior of the two dyes can be ascribed to their different structure ( Fig. 1b) .
NMR investigation of the interaction between aromatic dyes and EpolC1576
Independent evidence for TNS and ANS interaction with EpolC1576 was obtained by means of NMR spectroscopy, which indicates different dynamics for the two aromatic mole-cules in the presence of EpolC1576 and dextran, respectively. In Fig. 3 , the aromatic portions of the ANS and TNS spectra obtained in the presence of EpolC1576 are compared with that in the presence of dextran. The spectra of both dyes in the presence of EpolC1576 show an increase in the line width of the aromatic resonance peaks ( Fig. 3 , left panels), which contrasts with the very sharp resonance lines obtained with dextran ( Fig.  3 , right panels). The increase in resonance line width indicates a decrease in molecular dynamics, which can be attributed to interactions with the non-polar domains of the EpolC1576 (26) .
The data presented in Fig. 3 suggest that the presence of Rha and 3-O-methylated Rha residues in the polysaccharide-repeating unit produces domains able to interact with hydrophobic moieties. In fact, by comparison with data obtained in the presence of dextran, which exhibits a "conventional" saccharide chemistry, the interactions obtained with EpolC1576 can be interpreted as "assisted" by the non-polar groups of the polysaccharide chain. This feature may help in understanding the interactions required to set up and maintain the biofilm macromolecular matrix but also the possible molecular mechanisms involved in the biological activities of the matrix itself. In this context, the activity of signaling quorum-sensing molecules is particularly relevant for their implications in biofilm formation and bacterial pathogenicity. These species often exhibit a hydrophobic character, and interaction with the matrix polysaccharides may modulate their activity.
NMR investigation of the interaction between 11-Me-C12:⌬ 2 and EpolC1576
Having demonstrated the ability of EpolC1576 to interact with hydrophobic moieties, the possible interaction of 11- Me-C12:⌬ 2 with EpoLC1576 was investigated by NMR spectroscopy. Because of the very limited water solubility of the signaling molecule, a known amount of 11-Me-C12:⌬ 2 was solubilized with an aqueous solution of either EpolC1576 or dextran to measure the transfer of the signaling molecule in water fostered by polysaccharide interactions.
The integration of the polysaccharide H-1 resonance signals with respect to selected peaks of the signaling molecules (-CH 2at 2.3 ppm and -CH 3 at 1.0 ppm) indicates that, indeed, the presence of EpolC1576 doubled the solubilization of 11-Me-C12:⌬ 2 in water ( Fig. 4a ) (-CH 2 -/H-1 ϭ 0.40 and -CH 3 /H-1 ϭ 1.86) with respect to that in the presence of dextran (-CH 2 -/H-1 ϭ 0.20 and -CH 3 /H-1 ϭ 0.81) (Fig. 4b ). This very interesting result prompted us to investigate in more detail the possible mechanisms of interaction of the 11-Me-C12:⌬ 2 molecule with EpolC1576 by means of molecular modeling.
Hydrodynamics of the EpolC1576 molecule
The simulations of the EpolC1576 tetramer (16 monosaccharides) in the presence of explicit water molecules and apolar guest molecules demonstrate that EpolC1576 behaves as a dynamic flexible random coil in aqueous solution (Fig. 5 ). In both aqueous simulations, EpolC1576 is primarily in a relatively elongated conformation, with regular and frequent conformational changes, as indicated by the end-to-end distance graphs for the 250-ns simulation with the hexane guest ( Fig. 5a ) and the 250-ns simulation with the signaling molecule (Fig. 5b) . The EpolC1576 tetramer bends and straightens rapidly throughout both simulations, and the chain does not form a regular structure, as can be seen from the simulation snapshots in Fig. 5 for the hexane simulation (a) and the simulation with the signaling molecule (b). Occasionally, more compressed conformations stabilized by self-self interactions form, as shown by the exam- ples X and Y in Fig. 5, a and b, respectively, but these more compact conformations do not persist for long periods of time in the aqueous medium. Therefore, EpolC1576 is a highly flexible carbohydrate chain that can perform rapid conformational adaptations to changing environments.
Interaction with apolar guest molecules
The aliphatic hexane chains interact frequently with EpolC1576 throughout the 250-ns simulation. The graph of close carbon-carbon contacts (Ͻ5 Å) for EpolC1576-hexane in the last 50 ns (Fig. 6) is representative of the entire simulation: close host-guest interactions occur often. In general, the EpolC1576-hexane host-guest interaction is very dynamic; although interactions typically involve two pairs of consecutive mannose/rhamnose residues, the site of the non-bonded contact changes constantly. Interactions typically involve at least one rhamnose methyl atom (either C6 or the 3-O-methyl substituent, as indicated on the y axis in Fig. 6 ). Interaction of the guest with multiple carbons in a single residue occurs frequently and indicates orientation of the guest hydrocarbon to face the plane of the pyranose ring, as for Rha6 in the interaction marked b in Fig. 6 . Where interactions of the hexane guest occur simultaneously with four or more host residues, this indicates that the EpolC1576 strand has formed a pocket to encapsulate a hexane guest, as at 215 ns ( Fig. 6b ) and 235 ns (Fig. 6c ). These pockets are associated primarily with the contiguous rhamnose residues with partial O-methyl substitutions and edged with hydrophobic plane of the pyranose ring in the mannose residues. The formation of a pocket results in a prolonged host-guest interaction that may persist for up to 2 ns.
The aliphatic hexane chains interact more often with EpolC1576 than 11-Me-C12:⌬ 2 , with 10% versus 8% of simulation time involving host-guests in close proximity. This is unsurprising, as there are more guest molecules in the hexane simulation, and they have faster diffusion than 11-Me-C12:⌬ 2 . However, the increased length and/or amphiphilic nature of the signaling molecule serves to prolong the interaction in comparison with hexane, as can be seen from a comparison of the graphs of guest-host close carbon-carbon distances for EpolC1576/hexane ( Fig. 6 ) and EpolC1576/11-Me-C12:⌬ 2 (Fig.  7) . The EpolC1576/11-Me-C12:⌬ 2 simulation has three long periods with repeated close host-guest interactions: 148.6 -155.5 ns (6.9 ns in duration), from 164.7-174.4 ns (9.7 ns), and from 241.9 -245.6 ns (3.7 ns). Prolonged contact with the rhamnose methyl carbons (either C6 or the 3-O-methyl substituent, as indicated on the y axis in Fig. 7 ) are a clear feature of these extended interactions.
The first long interaction, from 148.6 -155.5 ns, shows the EpolC1576 strand forming a pocket involving a pair of central recessed rhamnose residues to encapsulate the 11-Me-C12:⌬ 2 guest (Fig. 7b) . Given the flexibility of the chain, EpolC1576 has the potential to form deeper hydrophobic pockets.
Further, in the period 241.9 -245.6 ns, the 11-Me-C12:⌬ 2 signaling molecule has a very dynamic interaction with EpolC1576. The shift of the interaction is clearly apparent in the graph in Fig. 7 : the guest molecule "walks" down the carbohydrate chain over the course of 9 ns (see the snapshots in Fig.  7, d-f ). In this manner, the 11-Me-C12:⌬ 2 signaling molecule could rapidly migrate across a biofilm matrix of saccharide chains. Further, the signaling molecule could form bridges between polysaccharide chains. This interaction also features the formation of a hydrophobic pocket at around 169 ns, shown in the snapshot in Fig. 7e .
The final long interaction from 241.9 -245.6 ns shows the 11-carbon guest molecular interacting along its entire length with six consecutive residues of the saccharide chain (Fig. 7h ). This provides further evidence for the range of possible EpolC1576/11-Me-C12:⌬ 2 interactions with apolar molecules.
Discussion
Bacterial exopolysaccharides are generally considered biofilm components that mainly contribute to the setup and main-tenance of matrix scaffold architecture (27) (28) (29) , thus exhibiting a structural role. However, different bacteria biosynthesize different exopolysaccharides in biofilm. Therefore, their chemistry has to be preliminarily clarified to better understand the biological role of the matrix in the biofilm community (30) .
We have demonstrated that the exopolysaccharide extracted from biofilms produced by B. multivorans strain C1576 has non-polar domains that enable this polymer to complex aromatic species. Spectroscopic NMR and fluorescence experiments showed interactions with aromatic molecules used previously to identify hydrophobic pockets in proteins and in cyclodextrins. Further, transfer experiments from organic phase to water carried out with the 11-Me-C12:⌬ 2 signaling molecule produced by B. multivorans indicated that this spe- cies can interact with the biofilm exopolysaccharide produced by B. multivorans.
We used molecular simulations to probe the mode of interaction between the EpolC1576 and apolar guest molecules modeling interactions with two hydrophobic species: both simple non-polar hexane molecules and the more complex 11-Me-C12:⌬ 2 signaling molecule, which has a hydrophobic chain and a polar headgroup. Our simulations indicate that EpolC1576 is a very flexible molecule with amphiphilic properties that can adapt its conformation to suit different environments. EpolC1576 forms a flexible random coil conformation in aqueous solution, and transient hydrophobic domains, or pockets, form dynamically in the chain that may accommodate nonpolar guest molecules. The hydrophobic domains along the polysaccharide chain are associated primarily with the contig-uous rhamnose residues with partial O-methyl substitutions and with the plane of the pyranose rings. There are two distinct modes of interaction between EpolC1576 and the guest molecules: short local interactions with the polymer that do not persist and longer interactions with a transient hydrophobic pocket or region in the dynamic EpolC1576 chain that capture the apolar guest for longer periods. Interactions with the polysaccharide demonstrated that the signaling molecule, which has very low solubility in water, could acquire mobility in the biofilm aqueous environment by moving from one non-polar domain on the polysaccharide chain to another. This mechanism, which is similar to a reverse-phase chromatographic process, may allow the active species to remain in the biofilm environment, ready to interact with a specific binding site by traveling along polysaccharide chains interconnected in the biofilm matrix network. In fact, a possible "sorptive" role of exopolysaccharides in biofilms is suggested in an article reporting a discussion held during the Biofilm 2007 conference (31) . In addition, we further speculate that the EpolC1576 hydrophobic domains allow for complexation with antibiotics with aromatic or hydrophobic moieties, thus hindering their diffusion through the biofilm water channels to the bacterial cell surface or, at an extreme, sequestering them in the biofilm matrix.
Experimental procedures
Bacterial strain and bacterial growth B. multivorans strain C1576 (LMG 16660) is a reference strain from the panel of B. cepacia complex strains (EP1), and it was purchased from the BCCM TM bacterium collection. Bacterial growth and polysaccharide purification were performed according to Protocol II described in Ref. 9 .
Fluorescence spectroscopy experiments
The fluorescent probes ANS (Na ϩ salt) and TNS (K ϩ salt) were purchased from Sigma. EpolC1576 was dissolved in water at a concentration of octasaccharide repeating unit (4 Rha, 4 Man, 1 O-Me; molecular mass, 1246 Da) 2⅐10 Ϫ4 M. A water solution of each fluorescent probes was added to the polysaccharide solution to have the proper final concentration in the range of 0 -7⅐10 Ϫ4 M. Fluorescence spectra were recorded on a PerkinElmer Life Sciences LS50B spectrofluorimeter thermostated at 25°C and using 10-mm path length quartz cells. For ANS, the excitation wavelength was 365 nm, and emission was detected at 460 and 510 nm. For TNS, the excitation wavelength was 287 nm, and emission was detected at 425 nm. For comparison purposes, the same experiments were also carried out in the presence of dextran, as it has no non-polar domains along its backbone. The dextran concentration was established as for EpolC1576. Fluorescence intensity values were corrected for dye self-absorption according to Ref. 13 .
NMR experiments
Proton NMR spectra were recorded on a 500-MHz Varian spectrometer operating at 25°C. All samples were subsequently exchanged three times with 99.9% D 2 O by lyophilization and finally dissolved in 0.7 ml of 99.99% D 2 O. For the interactions experiments with aromatic dyes, the EpolC1576 concentration was 5.7⅐10 Ϫ4 M, ANS was 1.5⅐10 Ϫ3 M, and TNS was 2.3⅐10 Ϫ3 M. For comparison purposes, NMR experiments were also carried out with dextran using the same polysaccharide and aromatic dye concentrations.
Interaction of EpolC1576 with cis-11-methyl-2-dodecenoic acid
The method used consisted of solubilizing an aliquot of cis-11-methyl-2-dodecenoic acid in a polysaccharide aqueous solution containing EpolC1576 or dextran. 0.4 mol of EpolC1576 and 0.4 mol of dextran (calculated for an octasaccharide repeating unit) were exchanged three times with 99.9% D 2 O by lyophilization, dissolved in 0.7 ml of 99.99% D 2 O, and added to two vials, each containing 9.4 mol of cis-11-methyl-2-dodecenoic acid. The fatty acid was dissolved previously in CD 3 Cl, transferred to the two vials, and dried under a stream of N 2 . The two vials were gently shaken at room temperature for about 7 h, centrifuged at 14,500 ϫ g for 10 min at room temperature to remove insoluble material, and transferred in NMR tubes for experiments. NMR spectra were processed using MestreNova software. Chemical shifts are expressed in parts per million and referred to the HOD signal, set as 4.768 ppm.
Molecular simulations
Molecular simulations using all-atom molecular dynamics were employed, modeling a tetramer (16 monosaccharides of EpolC1576, having one 3-O-methyl Rha every second repeating unit) with guest species in water. Two simulations were carried out: the first with three hexane molecules in explicit water and the second with the amphiphilic signaling species, also in explicit water and with counterions to neutralize the charge. All simulations were performed with the NAMD molecular dynamics program version 2.9 (employing NAMD CUDA extensions for calculation of long-range electrostatics and nonbonded forces on graphics processing units (32) and run on a 12 core, 4 TeslaM2090 GPU server with 64GB RAM per core and 6GB DDR5 per GPU). Water was simulated with the TIP3P model (33) . EpolC1576 was modeled with the CHARMM36 additive force field for carbohydrates, (34, 35) with ad hoc extensions for the O-methyl groups, adapted from the parameters in existing residues. The hexane and 11-Me-C12:⌬ 2 molecules were modeled with the CGenFF parameters for the CHARMM general force field for small-molecule drug design (36) , with the 11-Me-C12:⌬ 2 topology modeled on CGenFF propenoic acid and hexane. Initial configurations of EpolC1576 were built using our CarbBuilder software (37) . The psfgen tool (http://www.ks.uiuc.edu/Research/vmd/plugins/psfgen/) 3 was used to create "protein structure" (psf) files for modeling with a specified CHARMM force field and the NAMD molecular dynamics program. These initial oligosaccharide structures were optimized through 1000 steps of standard NAMD minimization in a vacuum and then solvated (using the solvate plugin to the Visual Molecular Dynamics (38) analysis package in a periodic cubic unit cell with a 80 ϫ 80 ϫ 80 Å cube. The simulations with the 11-Me-C12:⌬ 2 signaling molecule had one randomly distributed sodium ion to electrostatically neutralize the system. The two aqueous simulations ran for 250 ns and were preceded by a 30,000-step minimization phase, with a temperature control and equilibration regime involving 10 K temperature reassignments from 10 K, culminating in a maximum temperature of 300 K. Equations of motion were integrated using a Leap-Frog Verlet integrator with a step size of 1 fs and periodic boundary conditions. Simulations were performed under isothermal-isobaric (nPT) conditions at 300 K maintained using a Langevin piston barostat (39) and a Nosé-Hoover thermostat (40) . Long-range electrostatic interactions were treated using particle mesh Ewald summation and particle mesh Ewald grid dimensions of 80. Non-bonded interactions were truncated with a switching function applied between 12.0 and 15.0 Å to groups with integer charge. The 1,4 interactions were not scaled, in accordance with the CHARMM force field recommendations.
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